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Bioassays? 
procedures and 
results 
A. F. Maciorowski, L. W. Little, 
L. F. Raynor, R. C. Sims, J. L. Sims 
Bioassay procedures to describe, evaluate, and predict po 
tential hazard of toxic materials to organisms, ecosystems, and 
health-related aspects of polluted waters continue to receive 
widespread attention. However, synthesizing these diverse 
theoretical, methodological, and procedural entities into an 
integrated multidisciplinary approach to evaluate environ 
mental hazards of toxic substances remains difficult. Symposia 
proceedings pertinent to the toxic substances management in 
ecosystems have appeared1 and provide an overview of major 
problems and emerging solutions, including chapters on new 
bioassay protocols development, and multiple exposure toxicity 
paradigms. Conclusions and recommendations resulting from 
a toxicity testing workshop2 discussed current state-of-the-art, 
identified needed improvements in methodology and research 
priorities, and called for coordinated multidisciplinary activ 
ities regarding physico-chemical, photodegradation, biod?g 
radation, accumulation, and ecotoxicology test protocols. A 
comprehensive review of test methods for ecotoxicology was 
prepared by the National Research Council,3 in conjunction 
with a companion document of working papers prepared for 
committee use.4 The report was critical of single-species tests 
to predict ecosystematic effects, and presented detailed dis 
cussions of chemical toxicity assessment, factors influencing 
chemical fate in terrestrial and aquatic ecosystems, relevant 
properties and processes, appropriate test systems and end 
points, and a detailed assessment strategy employing inte 
grated use of test systems. Multispecies tests to address eco 
logical toxicity have been critically reviewed and evaluated,5 
including methods for measuring chemical effects on aquatic 
and terrestrial population interactions and ecosystem prop 
erties. A primary conclusion is the need for development and 
standardization of tests for effects of chemicals on ecological 
parameters that are indicative of interspecific interactions, 
community dynamics, and ecosystem function. 
Biodegradation testing methodology of chemicals, as well 
as the fate in aquatic environments, was the subject of a sym 
posium sponsored by the American Society for Microbiology.6 
Proceedings have also appeared concerning aquatic toxicology 
and hazard evaluation7 that presents material on safety mar 
gins, hazard assessment, aquatic organism carcinogenesis, 
monitoring, statistical analysis of toxicity data, and new con 
cepts within the field. 
The development and applicability of U. S. Environmental 
Protection Agency (EPA) water quality criteria were dis 
cussed by Babich et al.,* who conceded that new proposals to 
consider modifying effects of abiotic environmental factors on 
pollutant toxicity were innovative, but that scientific knowl 
edge of interactions and correlation between toxicity and 
abiotic factors was limited and required more research. Fur 
ther, the current emphasis on aquatic plants and animals ne 
glects effects on microbial-mediated ecological processes. 
Water quality in catchment ecosystems was the subject of a 
book9 that covered material on the hydrological cycle, waste 
water treatment, water quality monitoring, pertinent legisla 
tion, setting water quality standards, and other subjects of 
general interest to those involved in toxicity research. Water 
quality and management research needs were discussed by 
Cairns,10 who focused attention on the need for a defensible 
predictive capability to estimate management action conse 
quences and to select the best alternatives from an array of 
possibilities. Management capabilities said to be required in 
cluded verifying predictions based on single-species tests, re 
habilitation of damaged ecosystems, drainage basin manage 
ment, and a scientific consensus of appropriate parameters to 
address ecological perturbation. 
Biological monitoring has taken on a variety of meanings, 
and a particular definition is often dependent on the specific 
type of investigation involved. A series of six review articles 
concerned with biological monitoring aspects including early 
warning systems, receiving system methodology based on bi 
ological function, receiving system methodology based on com 
munity structure, toxicity testing, preference and avoidance 
studies, and an overview of future research have been sched 
uled for publication. Reviews of the first11 and last12 topic in 
this series have appeared. 
A tiered approach to effluent monitoring using both chem 
ical and biological test protocols was prepared13 and includes 
several tests and test levels incorporating rapid screening tests, 
definitive static acute toxicity tests with aquatic organisms, 
and traditional biological survey methods to assess the envi 
ronmental impact of effluents. Other effluent monitoring ap 
proaches included a continuous and automated system that 
simultaneously assessed fish ventilatory rates and water quality 
parameters, devised to detect toxic spills in time to take ap 
propriate control action.14"16 
Sentinel organisms to indicate contamination of natural 
waters by pollutant accumulation and uptake constitutes an 
other form of biological monitoring. Concepts of lipid/water 
equilibration to explain hydrocarbon bioconcentration in bi 
valves and to formulate a chronic oil pollution monitoring 
strategy were presented.17 Total body fluid of mussels have 
been proposed as an indicator of stress18 by employing com 
parative antipyrine uptake and elimination by the body fluid 
and mantle cavity. Adams et al}9 conducted experiments with 
the three-ridge clam Amblema perplicata and concluded that 
the species was well suited for detection of zinc and cadmium 
pollution in freshwater systems. Free amino acid concentra 
tions in mantle tissue of Amblema picata collected from 
streams contaminated with acid mine drainage has been sug 
gested as a possible indicator of environmental stress.20 
The radionuclides americium-241 (241Am) and plutonium 
237 (237Pu) were found to turnover differentially in the mussel 
Mytilus galloprovincalis, and were described as the sum of 
three exponential functions.21 Whole shells contained the larg 
est radionuclide fraction, but they were not irreversibly bound 
and readily leached into water. Byssal threads of marine mus 
sels were examined from various environments, and were pro 
posed as an environmental marker for metals.22 Jenkins23 dis 
cussed problems, research needs, and the selection of living 
organisms for monitoring air, land, and water media, and re 
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viewed data pertinent to bioaccumulation and bioconcentra 
tion of various heavy metals. 
Specific pollutants toxic to aquatic organisms were reviewed 
including chlorine,24"25 ionizing radiation,26 polynuclear aro 
matic hydrocarbons,27 petroleum hydrocarbons,28 detergents,29 
and metals.30"33 It should be noted that 1981 saw the appear 
ance of a new journal entitled Aquatic Toxicology. 
DESIGN, INTERPRETATION, STRATEGY 
Various chemical, physical, and biological phenomena may 
alter chemical structure, and, therefore the fate and toxicity 
of certain compounds in natural and laboratory toxicity test 
systems. The role of microorganisms in biod?gradation reac 
tions for transformation and cleavage of organic contaminants, 
and ecological consequences of recalcitrant molecules were 
reviewed by Alexander.34 An orthogonal factorial statistical 
procedure to evaluate interactive environmental factors af 
fecting biod?gradation rates of phenol35 indicated that deg 
radation was from multiple interactive factors, and use of this 
statistical technique allowed for a reduction in number of ex 
periments without lose of information. Mathematical tech 
niques were employed to provide environmental impact pre 
dictions based on laboratory test results. Crisp36 evaluated 
several mathematical models relating temperature and time 
from fertilization to 50% hatch for eggs of five salmonid spe 
cies. No single equation provided a best fit for all data sets, 
but the quadratic equation, power law, and temperature cor 
rection each accounted for greater than 97% of the hatching 
variance, and were good fits to all data sets. A toxicity model 
for calculating the concentration of a toxicant, or its toxic 
effect on aquatic ecosystems was described.37 The former was 
predicted by a mass balance equation that included physical 
transport, chemical and biological transformation processes, 
and sediment and organism accumulation. Using bioassays in 
conjunction with the concentration model, toxicity may be 
calculated under various loading and flow regimes. Thomann38 
presented an equilibrium model of microcontaminant fate in 
aquatic food chains based on a model food-chain transfer num 
ber (f) given by the equation AC/K + G (A = chemical ab 
sorption efficiency; C = specific consumption, K = excretion 
rate, and G = net organism growth rate). Application of the 
model suggested that PCB body-burden was from contami 
nated food consumption, 239Pu was from water uptake only, 
and l37Cs concentration was from food chain transfer with a 
dependence on salinity-dependent phytoplankton adsorption. 
Physico-chemical properties and fish acute toxicities of 15 
pesticides were correlated with bioconcentration factors, in 
dicating a correlation between the bioconcentration factors 
and pesticide water solubilities or octanal-water partition coef 
ficients.39 It was concluded that fish pesticide bioconcentration 
may be predicted by solubility and partition coefficients, and 
acute toxicity may be predicted from the bioconcentration 
factor. 
Pollutants rarely occur singly in natural environments, and 
chemical interactions affecting toxicity remain of interest. 
Joint action of toxicant mixtures to aquatic organisms has 
been reviewed with emphasis on water quality standards,40 and 
it was stated that at present there was no need to modify 
standards for common toxicants to include interactive effects. 
Acute toxicity of mercury (Hg) and zinc (Zn) in combination 
to Mytilus edulis was examined,41 revealing an antagonistic 
effect between the two elements in the 0.75 to 1.5 mg/l range 
and that the effect tended to increase tissue concentration of 
Hg. A review article42 of xenobiotic interactions in aquatic 
organisms revealed that available information is not extensive 
and large information gaps exist. The data reviewed raised 
serious questions regarding whether an antagonistic or syn 
ergistic effect was actually demonstrated in certain cases. 
The addition of detoxifying agents to bioassay test solutions 
to examine mechanisms for ameliorating toxicity has also been 
investigated. Hall et al.43 performed experiments using sulphur 
dioxide dechlorinated effluents and eggs and larvae of Morone 
saxatilis, confirming that dechlorination reduced toxicity of 
chlorinated effluents from power plants and wastewater works. 
A comparative study of the five metal-binding agents (NTA, 
EDTA, DDTA, DTP A, DDC) found that addition of these 
chelators resulted in the removal of chromium (Cr), nickel 
(Ni), and Hg accumulated in kidney, gills, and brain of the 
freshwater fish Notopterus notopterus.44 Muramoto45 used X 
ray photography to examine cadmium-induced vertebrate de 
formation and the influence of complexing (EDTA, DTD A) 
agents reversing the effect. The effects of copper (Cu) on em 
bryonic and larval development of the Pacific oyster Crassos 
trea gigas were significantly decreased by various organic 
metal chelators.46 In contrast, the effect of EDTA on accu 
mulation and elimination of Hg in the mussel Mytilus edulis 
showed that the chelated form was more strongly accumulated 
than unchelated metal, and elimination was slower in the pres 
ence of EDTA.47 
Bioassay test conditions and water quality often represent 
sources of variation in bioassays. Studies of hardness on cad 
mium (Cd) toxicity to eggs of the freshwater fish Oryzias 
latipes indicated that the amount of Cd absorbed by embryos 
was independent of hardness, but the amount of metal ab 
sorbed by the egg chorion was hardness dependent.48 Tem 
perature and salinity effects on striped bass egg and larval 
development were examined between a range 10? to 28?C and 
0 to 10 g/1. Although optimal percent hatch, and percent sur 
vival after hatching occurred at 18?C, optimal salinity varied.49 
Time related mortality responses of striped bass ichthyoplank 
ton were compared after simultaneous exposure to chlorine, 
and temperature changes simulating power plant chlorination 
conditions. A non-linear least squares regression model re 
vealed two-way interactions between life stage (egg, larvae) 
and exposure time as well as life stage and total residual chlo 
rine, but that there were no significant effects of temperature 
change and other variables.50 Mattice et al.51 examined the 
relative toxicity of hypochlorous acid (HOC1) and hypochlo 
rite ion (?d") to mosquitofish during exposure to free residual 
chlorine at six pH levels. Free residual chlorine concentration 
at the LC50 for each pH were fitted to a theoretical model 
assuming HOC1 and OC1" were additive. HOC1 was four times 
more toxic than OCL, and greater than 99% of the total vari 
ability was explained by the model supporting the additivity 
assumption. The effect of pH on un-ionized ammonia toxicity 
to rainbow trout and fathead minnows showed that ammonia 
toxicity was increased at lower pH values.52 It was concluded 
that NH4+ was somewhat toxic, and that increased H+ con 
centration increased ammonia toxicity. A series of papers con 
cerning pH effects on hexavalent chromium toxicity to rainbow 
trout concluded that hydrochromate and enr?mate ions were 
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the toxic species of Cr(VI);53 more chromium was concen 
trated in gill tissue at pH 6.5 than at pH 7.8, with observed 
differences at least partially from the higher oxidizing action 
of hexavalent chromium and lower pH;54 and that chromium 
transfer in perfused gills was directly coupled with oxygen 
transfer from external solution to the internal perfusion me 
dium which is more effective at low pH.55 Nitrite toxicity to 
rainbow trout has also been shown to be pH dependent, and 
toxicity variations in the pr?sence of chloride, sulfide, phos 
phate, and nitrate anions were demonstrated.56 Increasing 
chloride concentration of toxicity test solutions was also dem 
onstrated to ameliorate nitrite toxicity to the crayfish Pro 
cambarus simulans?1 
Chemical structure-biological activity relationships are po 
tentially useful in predicting toxicity. Phipps et al?* examined 
acute toxicity of phenol and substituted phenols to fathead 
minnows, and mortality plots were presented for each com 
pound tested. Accumulation and elimination kinetics of di-, 
tri-, and tetrapolychlorinated biphenyls (PCBs) with the same 
chlorine substitution pattern in one ring of the nucleus, but 
differing in the second phenyl ring were studied simulta 
neously.59 It was concluded that food chain accumulated PCB 
was likely to be important only for low water-soluble persistent 
chemicals. 
To more realistically simulate actual environmental expo 
sures in the laboratory, rainbow trout were exposed to cyclic 
ammonia fluctuations and compared to constant ammonia 
exposure tests.60 Trout were more tolerant of constant am 
monia concentration, and fish subjected to fluctuating am 
monia levels were subsequently better able to withstand ex 
posure to higher fluctuating concentration than these not so 
acclimated. Cairns et al.61 examined effects of fluctuating sub 
lethal metal concentrations on bluegill gill ventilatory re 
sponse, and found the typical response was an elevated ven 
tilatory rate in conjunction with reduced ventilatory amplitude. 
Fish were capable of responding similarly to repeated expo 
sures, indicating the feasibility of the monitoring system. 
Species sensitivity to toxicants is dependent on a number 
of biological factors. Sutcliffe62 investigated the effect of diet, 
body size, age, and temperature on growth rates of the am 
phipod Gammarus pulex, and found dried leaves were a sat 
isfactory diet for amphipods used in inorganic ion uptake stud 
ies. The influence of diet and starvation on endrin toxicity to 
fathead minnows was examined,63 and reduced tolerance oc 
curred at low-ration conditions. Decreased tolerance was at 
tributed to fat reserve depletion which correlated with in 
creased total body water content. A variety of diet and ration 
regimes were fed to Atlantic silversides to determine that best 
suited for bioassay organisms, and live 3-day-old brine shrimp 
was recommended.64 Test organism size was an important fac 
tor in mortality of late trout fry exposed to PCB, and mortality 
increased as fry size decreased.65 An allied study66 indicated 
that PCB accumulation patterns in 35- to 40-day-old lake 
trout fry were dramatically decreased over younger animals, 
and that the loss was associated with physiological changes 
resulting from yolk-sac absorption. Lethal concentrations of 
permethrin to rainbow trout varied inversely with water tem 
perature and body weight.67 The permethrin 96-h LC50 for 
1-g trout increased an order of magnitude between 5? and 
10?C, and large trout (200 g) were considerably more tolerant 
than small fish. Daphnia magna are often fed algae during 
toxicity tests, and Stratton and Corke68 found that unfed an 
imals were more tolerant to permethrin than those fed Chlo 
rella pyrenoidosa. Permethrin induced adhesion of particulate 
matter, including algae, bacteria, and silica powder on ap 
pendages of Daphnia, leading to immobilization and early 
mortality in the presence of algae. The adhesion phenomena 
resulted from a permethrin effect on Daphnia rather than a 
particulate matter interaction. 
Acclimation to low levels of copper by rainbow trout re 
sulted in increased lethal tolerance in subsequent copper ex 
posure tests, but the acclimation phenomena was not re 
tained.69 Acclimation induced by exposure to 0.4 times the 
incipient lethal level was gradually lost during a 3-week ex 
posure in control water. Rainbow trout pre-exposed to arsenic 
and cyanide70 prior to testing enabled trout to better tolerate 
the former compound, but pre-exposure to the latter resulted 
in an initial sensitization, followed by a return to control level 
tolerance after 21 days. Dixon and Sprague71 examined copper 
bioaccumulation and hepatoprotein synthesis during copper 
acclimation by rainbow trout, and found sublethal copper ex 
posure increased protein content of a low molecular weight 
hepatoprotein fraction. Acclimation temperature was a sig 
nificant factor for the effects of simulated power plant con 
ditions during high and low thermal conditions to larval white 
perch.72 Larvae tested at 23?C displayed greater mortality and 
all treatment levels than those tested at 15?C; during higher 
acclimation temperature exposure, mortality was greater than 
85% at temperatures greater than 6?C, regardless of other 
treatment factors. 
While most aquatic bioassays have focused on water column 
effects, methods for examining effects of contaminated sedi 
ments are an area of concern. Toxicity studies with sediments, 
screening tests for assessment of aquatic organism effects, and 
sediment chemistry were included in a book devoted to fate, 
transport, and toxicity modeling of contaminated sediments.73 
Dredged material from five Lake Michigan harbors were 
chemically analyzed and used in bioassays, and the results 
analyzed statistically to discover possible correlations.74 Bulk 
chemical analyses of the sediments and bioassays using in 
digenous benthic organisms provided the most satisfactory 
method for evaluating dredge spoil disposal effects. Shuba et 
al.75 presented a list of considerations to aid in selection of test 
species for bioassay and bioaccumulation studies with dredged 
materials, following interviews with personnel from the Corps 
of Engineers, U. S. EPA, consulting firms, and universities. 
Several bioassay methods useful for assessing harbor sedi 
ments, including acute lethality tests with Hexagenia limbata, 
Daphnia magna, Pontoporeia affinis, cough frequencies of 
bluegill sunfish, and chemical analyses of chironomid midges 
and burrowing mayflies were examined to determine their 
overall applicability.76 Sediment-water systems from Duluth 
Superior harbor and Lake Superior caused little toxicity, al 
though considered polluted by at least one chemical parameter. 
. The relationships of mortality data from 96-h sediment 
bioassays with fish and invertebrates and changes in chemical 
composition of test water (pre-test and post-test values) in 
dicated that elutriate tests predicted short-term water column 
effects as a result of dredged material disposal, but chemical 
procedures cannot address impact on organisms inhabiting a 
disposal site.77 Accumulation of heavy metals by marine in 
vertebrates exposed to contaminated sediments,78 as well as 
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avoidance of dredged spoils by the herring Clupea harengus19 
represent additional methods used to examine sediment-or 
ganism interactions. Bioassays using the shrimp Crangon sep 
temspinosa exposed to eight organochlorine compounds in test 
solutions with and without substrate demonstrated organo 
chlorines were 10 to 80 times less toxic in sediment tests.80 
Examining toxicity of trace organic constituents in aqueous 
solution complex mixtures often requires specialized prepa 
ration techniques. The advantages and disadvantages of con 
centration and isolation procedures, including freeze concen 
tration, lyophilization, vacuum distillation, reverse osmosis, 
ultrafiltration, solvent extraction, activated carbon extraction, 
ion exchange, XAD resin, precipitation, centrifugation, and 
gas stripping were discussed81 and no single method was found 
to be adequate for concentrating all organisms in water sam 
ples. A continuous-flow solubilizer apparatus was described82 
to dissolve water soluble fractions ( WSF) of crude oil in water 
for marine organism experimentation. The system dissolved 
water-soluble components without loss of more volatile com 
pounds or the formation of oil droplets or emulsions. A mixing 
and separation device to produce WSF of coal liquids for con 
tinuous-flow bioassay has also appeared.83 A technique for 
computer-controlled toxicant injection for aquatic testing was 
said to resolve difficulties normally associated with low solu 
bility, highly volatile, and rapidly biodegradable organic com 
pounds.84 The use of solvents to produce aqueous organic com 
pound solutions is a common practice in aquatic toxicology. 
However, lake trout exposed to PCB with an acetone carrier 
accumulated significantly more compound after 52 days' ex 
posure than fish receiving PCB without acetone.85 Adsorption 
and desorption phenomena on bioassay test vessels may influ 
ence results. Sharon and Solomon86 examined absorption/ 
desorption of permethrin and other pesticides on glass and 
plastic materials commonly employed in bioassays. Insecti 
cides were substantially absorbed on polyethylene, Polyvinyl 
chloride, glass, and teflon, and adsorbed material was not eas 
ily desorbed from polyethylene and Polyvinylchloride by water 
rinsing. 
The increasing demand for rapid toxicity screening methods 
has produced several methods of general interest to aquatic 
toxicologists. A computer-controlled respirometer permits ox 
ygen consumption measurements of marine and freshwater 
organisms at regular intervals and allows assessment of res 
piration changes during and after exposure to sublethal pol 
lutant concentrations.87 Whole organism 31P nuclear magnetic 
resonance spectroscopy has been advocated as a tool to eval- . 
uate toxicant and organismic bioenergenetic relationships.88 
The procedure allows measurement of phosphorus metabolites 
for aquatic organisms ranging in size from bacteria to fish 
eggs. 
Several in vitro enzymatic procedures have been used to 
screen toxicity including a cholinesterase and urease mixture 
in a gelatin matrix coated on the inside surfaces of glass cap 
illary tubes.89 Water samples were pumped through the pre 
pared tubes, and substrate for each enzyme was subsequently 
passed through the tubes to determine relative activity. The 
method provided rapid testing of micro- and nanomolar quan 
tities of enzyme-inhibiting pollutants in natural waters and 
complex effluents. Ribonuclease activity was determined fol 
lowing exposure to 73 organic, inorganic, and metal-organic 
complexes, pesticides, alkyl and aryl industrial chemicals, and 
other pollutants.90 None of the chemicals tested caused enzyme 
activation suggesting its use as a potential screening method 
for pollutant induced enzyme inhibition. Leach and Chung91 
developed a chemical technique to assess compounds respon 
sible for pulp mill effluent toxicity, and used results to esti 
mate effluent toxicity. The procedure entails adsorption of tox 
icants on XAD-2 polymeric resin, elution with ether and 
methanol, extract methylation, and analysis by glass capillary 
column gas chromotography. Results indicated values from 
this method and rainbow trout bioassays were within ?30% 
for 73% of the 113 samples tested. It was concluded that chem 
ical analysis provides valuable supplementary information, but 
should not replace direct bioassay measurement. A lumines 
cent bacterial system for aquatic toxicity assessment (Micro 
tox) based on changes in light output measured by a temper 
ature controlled photometric device, correlates well with other 
conventional bioassays yet requires only 30 minutes to com 
plete.92 
A specialized toxicity test for exposing small invertebrates 
and fish to short square-wave concentrations of chlorine has 
been devised and tested with Daphnia magna and Gambusia 
affinis.93 The system can provide a readily comparable data 
base important for developing chlorine criteria for power 
plants. 
MICROORGANISMS 
A number of rapid methods for detecting pollutant effects 
to bacteria have appeared. A screening test using dissolved 
oxygen depletion kinetics of mixed microbial populations 
following pollutant exposure allows test results to be obtained 
in less than an hour.94 Trevors et al.95 used Pseudomonas flu 
orescens to determine toxic effects of pentachlorophenol. A 
natural assemblage of bacteria from aquatic environments 
were cultured, and employed in a diffusion toxicity test on 
solid nutrient media and a liquid nutrient media test with 
nephelometric bacterial growth curve monitoring, to ascertain 
efficiency of new biocides used in water disinfection.96 An ATP 
bioassay technique for counting viable microorganisms based 
on bioluminescense of the luciferin-luciferase reaction was a 
sensitive means for detecting suspected microbial contami 
nation.97 Wastewater toxicity was assessed using freeze-dried 
Nitrobacter and found to be a simple, rapid, inexpensive, quan 
titative measurement technique to determine wastewater and 
associated chemical constituent toxicity.98 Caplan et al.99 de 
scribed several methods to monitor microbial metabolism in 
activated sludge using in vitro radiometry and microscopy 
techniques. Biochemical methods have been used to assess 
microbial toxicity employing resazurin reduction by microbial 
dehydrogenase,100 as well as acid and alkaline phosphatase 
activity to predict digestor failure in anaerobic sludge sys 
tems.101 
Three conventional microbiological acute toxicity screening 
tests using Spirillum volutans, Pseudomonas fluorescens, and 
Aeromonas hydrophila were compared to a commercially 
available bioluminescent-based test system employing lyo 
philized marine bacteria (Microtox).102 Each procedure was 
found to display its own sensitivity pattern and resultant data 
were not readily correlated. Microtox was considered a sen 
sitive assay method of value as one procedure in a battery of 
screening tests. Chang et al.103 utilized Microtox for evaluating 
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toxicity of several wastewaters and compared results with 
those obtained from 96-h fathead minnow bioassays. Respec 
tive Microtox EC50 values and 96-h LC50 values were 58, 
74, 100, 1.8, 100 and 65, 65, 65, 42, 75% 
Repeated exposures of E. coli to free chlorine in batch tests 
were used to produce bacterial strains possessing altered sen 
sitivity, discussed with respect to water treatment and reuse.104 
Results did not readily support increased resistance to disin 
fection. Transformation rates of methyl parathion and diethyl 
phthalate by aufwuchs microorganisms demonstrated second 
order transformation rate coefficients.105 The effects of waste 
water sludge on salt-marsh denitrifying bacteria were exam 
ined by biweekly application to the soil surfaces of a Spartina 
marsh.106 Using a nitrogen-reductase assay, denitrification 
potential in the first 15 cm of soil was decreased following 9 
months' exposure. Laboratory assays indicated that sludge im 
mediately inhibited soil denitrifaction. Mountfort and Asher107 
compared the role of sulfate reduction versus methanogenesis 
in a polluted intertidal sediment by looking at production of 
14C02 from 14CH4 incubated with 35S04 2. Terminal carbon 
flow was found to be mediated by S04-reducing organisms. 
Determination of organic compound biodegradability has 
obvious implications for environmental toxicology. Liu et al.10* 
developed a standard procedure and new apparatus for deter 
mining relative biodegradability of both water soluble and 
insoluble organic compounds under various laboratory con 
ditions. The test system was based on measurement of primary 
biod?gradation rates in cyclone fermentors under aerobic and 
anaerobic conditions, with and without co-metabolites. Deg 
radation was accomplished with a mixture of activated sludge, 
soil, and sediment microorganisms, and abiotic processes were 
corrected for by the use of controls. An electrolytic respirom 
eter was used to study biod?gradation of anionic, cationic, and 
nonionic surfactants, demonstrating that below saturation or 
toxic concentration, oxygen consumption rates for all surfac 
tants tested were directly proportional to surfactant concen 
tration.109 A Warburg respirometer technique was used to ex 
amine biod?gradation potential of phthalic acid esters in 
marine systems, indicating that dibutyl phthalate and o 
phthalic acid supported growth in full strength medium con 
taining mixed marine bacterial isolates, but sodium dependent 
catabolism was only demonstrable for the latter chemical spe 
cies.110 A review pertinent to microbial petroleum hydrocarbon 
degradation included bioassay results, environmental factors 
influencing petroleum hydrocarbon biod?gradation, physical 
states of oil pollutants, nutrients, oxygen, salinity, and pres 
sure.111 A method for differentiating degradation using three 
aerobic and three anaerobic fermentors each seeded with 1 g 
of lake sediment, silt loam, and activated sludge was abscribed 
and tested with carbaryl112 and pentachlorophenol.113 
An oxygen uptake bioassay by the protozoan Tetrahymena 
pyriformis was developed and tested by evaluating its sensi 
tivity to 10 toxic agents.114 The procedure was very sensitive 
to heavy metals, but less so to ammonia and phenol. Several 
methods have employed Tetrahymena as a protozoan test or 
ganism. Schultz et al.U5 examined cytolysis, behavior, respi 
ration, growth, and glycogen and protein content of this species 
in response to acridine. Cytolysis was the most striking re 
sponse and may result from partitioning of acridine into mem 
branes. Detoxification of zinc and cadmium by Tetrahymena 
was investigated with respect to water hardness116 and growth 
experiments and ultrastructural studies on sequestration of 
these elements.117 Jarroll et al.n* examined the effect of chlo 
rine on Giardia lamblia, and found that cyst survival increased 
with increasing pH buffering capacity, and that low water 
temperature required higher chlorine concentration and con 
tact times to ensure complete disinfection. The toxicity thresh 
olds of 160 potential pollutants were determined by bioassay 
procedures analagous to cell multiplication tests using bac 
teriovorous flagellated (Entosiphon sulcatum), ciliated (Uro 
nema parduzi), and saprozoic flagellated (Chilomonas par 
amecium) protozoans.119 The holozoic Entosiphon was the 
most sensitive to low concentrations of toxic substances and 
considered to be the most suitable test organism. Relative 
merits of the other organisms in testing were presented in the 
context of their different ecological roles. 
ASSAYS WITH ALGAE AND 
OTHER PLANTS 
The standard algal assay with Selenastrum capricornutum 
is widely accepted and utilized in nutrient status and toxicity 
assessments. Because of the tedious, time-consuming nature 
of the standard assay, several alternative procedures were de 
vised. Weber120 devised a simple toxicity screening test with 
the green alga Chlorella fusca. The resting stages of this alga 
are red. Since regreening after introduction into fresh nutrient 
medium is inhibited by toxic substances, comparison of chlo 
rophyll a concentration in control and treated cultures pro 
vided a means of screening for inhibitors. The method has 
been applied to metals, pesticides, and mixtures of toxic com 
pounds. For more rapid assessment of the nutrient contribution 
of sediments in 38 South African impoundments, algal bioas 
says with S. capricornutum in conjunction with measurements 
of inorganic phosphate were conducted.121 Results indicated 
that phosphate adsorbed to bottom sediments may be an im 
portant algal nutrient source and availability was dependent 
on particular sediments. The relationship between algal 
growth potential and the sediment inorganic phosphate con 
tent, was expressed in a regression equation, and subsequently 
employed in predicting algal growth stimulation. Another 
novel approach for indicating stimulatory or inhibitory effects 
was an in vivo fluorescence assay for determining the potential 
photosynthetic capacity of phytoplankton assemblages.122 
Many investigations of natural water trophic potential uti 
lized S. capricornutum but with modified procedures, or dif 
ferent algae altogether. Semi-continuous cultures of S. ca 
pricornutum were used in studies to predict effects of diverting 
algal nutrients from one lake to another.123 Asterionella for 
mosa was selected for fertility studies of Welsh lakes.124 Mar 
van et al.125 proposed Scenedesmus quadricauda as a standard 
algal assay for Czech waters. For algal assay studies of eu 
trophication in the Minami-Askawa River of Japan, a species 
of Chlamydomonas indigenous to the river was isolated and 
tested.126 Youngman127 described an algal bioassay procedure 
utilizing three algal species (Asterionella, Scenedesmus, An 
abaena) for assessing surface waters in England, Scotland, 
and Wales. 
Interpretation of algal assays and application of results to 
natural waters is complicated because of growth-limiting fac 
tor interaction. Rhee and Gotham128"132 published several stud 
ies on interactions of nutrients, light, and temperature. Other 
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representative studies included those on coupling of N uptake 
and chlorophyll synthesis to inorganic C assimilation;133 effects 
of temperature, oxygen, and pH variations on growth;134 effect 
of pH variation on phytoplankton in artificial streams;135 light 
effects136"137 and effects of temperature on P uptake.138 
Metal accumulation and toxicity were investigated exten 
sively by means of algal assays. Hassett et al}39 developed a 
microplate technique to determine conditions under which 
algae removed heavy metals from aqueous solutions. The 
method was tested with a variety of algal species, metals, and 
exposure times. A simple monitoring technique for determin 
ing potential heavy metal loads of algae was developed,140 
based on algal exposure in chambers immersed in the water 
body of interest. Experiments with the diatom Asterionella 
jap?nica and six metals141 indicated relative toxicities corre 
lated with solubility products of the corresponding metal Sul 
fides, suggesting metal binding to sulfhydryl compounds as the 
mode of action for these metals. 
Effects of copper on algae were studied in both laboratory 
and field situations. In laboratory studies Rueter et al}42 found 
that copper interfered with the silicification process in Thal 
assiosira pseudonana that was primarily responsible for 
growth inhibition, as copper did not inhibit N or P uptake. 
Klotz143 found that algae isolated from a copper-contaminated 
stream showed tolerance to high copper levels. The effect of 
nickel on seven freshwater algal species was examined144 and 
blue-green algae were more tolerant than green algae. Effects 
of mercury were investigated in a variety of studies. Rai et 
al}45 found that alkaline and hard eutrophic waters provided 
conditions that protected Chlorella vulgaris against mercury, 
methyl-mercury, and zinc toxicity. Ribeyre et al.146 discovered 
that mercury fixed by algae could be transferred within 24 
hours to higher trophic levels in mixed cultures. To narrow 
the gap between laboratory and natural conditions, Kuiper147 
studied effects of mercury on marine plankton communities 
enclosed in plastic bags suspended in natural waters. Effects 
of cadmium on Chlorella were reported by Gipps and Coller148 
and Chan et al.}49 while Sakaguchi et al.150 studied molyb 
denum accumulation by Chlorella. 
Fate of elements related to power production may be of 
concern relative to waste disposal. Nakajima et al}51 found 
that uranyl ions were more readily taken up by Chlorella than 
copper and cadmium ions. Yen152 found rapid, passive sorption 
of 237pu on both live and heat-killed cells of marine phyto 
plankton. On the basis of experiments with effects of DDT on 
Anabaena variabilis and Chlorella fusca, Goulding and El 
lis153 stressed the importance of long-term photosynthesis stud 
ies to evaluate toxicants' effect on algae. Of the two species, 
Chlorella was much more sensitive to DDT. Maximum in 
hibition (as percent of cell numbers) occurred after 72 hours 
but on further incubation cell numbers increased to those of 
the controls. When chlorophyll was used as the growth indi 
cator, a different time/toxicity relationship emerged. 
Environmental effects of volcanic ash leachate from the Mt. 
St. Helens eruption was assayed by McKnight et al}54 who 
concluded that there was a potential toxic effect in areas of 
greatest ash fall. Effects of detergents and laundry wastes on 
algae were investigated in the Soviet Union and in the Neth 
erlands. Lenova et al}55 assayed effects of the anionic surfac 
tant sodium dodecylsulfate on Chlorella and determined that 
the maximum concentration not inhibitory to cell division was 
50 mg/l. Klapwijk156 concluded that effects of laundry waste 
water on benthic algae was a good indicator of water quality 
of polder ditches in the Netherlands. Concern about environ 
mental effects of petroleum-related substances was reflected 
in several articles. A book157 on oil shale development includes 
information on shale oil toxicity to freshwater algae and mu 
tagenic properties of oil. 
As might be expected, tolerance to petroleum products 
varies among algal species. Gaur and Kumar158 measured 
growth responses of Anacystis nidulans, Selenastrum capri 
cornutum, Chlorella vulgaris, and Oocytis sp. to crude oils 
and furnace oil; C. vulgaris was most tolerant and S. capri 
cornutum was most sensitive. Gapochka et al}59 compared 
responses of Synechocystis aquatilis and Anabaena variabilis 
to various combinations of oil, oil products, and dispersants; 
growth of A. variabilis was the more affected. The greater the 
contact time between the algae and the oils, the more toxicity 
was noted, and addition of dispersants relieved toxicity. Tho 
mas et al.160 approached differential effects of petroleum re 
finery effluents more directly, utilizing natural assemblages of 
marine phytoplankton. Inhibitory levels of cresols were de 
pendent on the species composition of the assemblages. A rapid 
portable method utilizing gaseous exchange chambers for de 
termining oil spills on wetland plant community stress was 
described.161 
Giddings and Washington162 tested effects of coal-liquefac 
tion products, shale oil, and petroleum on S. capricornutum 
and Microcystis aeruginosa, and observed a positive corre 
lation between sample absorbance at 254 nm, the absorption 
maximum for benzene, and toxicity. To determine nitrosamine 
impact in the marine environment, Aubert et al}63 tested tox 
icity of nitrosodimethylamine to Nav?cula incerta, Tetraselmis 
mac?lala, and the common mussel. While the compound was 
unstable, rapidly degraded, and not significantly bioconcen 
trated, it killed mussels at levels found in some wastewaters 
and damaged cellular structure of both mussels and algae. 
Sheikh164 evaluated ecological effects of industrial dis 
charges using a rice grain germination laboratory assay. Clark 
et al.165 employed duckweed (Lemna) to detect accumulation 
and depuration of metals originating in coal-fired power plants 
effluents. Nasu and Kugimoto166 developed a duckweed (L. 
paucicostata) bioassay to test effects of heavy metals, while 
Davis167 published a comparison of static and flow through 
bioassays with L. gibba. Other macrophytes, (Potamoget?n 
pectinatus, Vallisneria sprialis, and Hydrilla verticillata), 
were utilized to assess effects of four heavy metals.168 Aquatic 
macrophytes were also employed in studies of herbicide ef 
fects.169"170 
The short-term mutagenicity bioassay utilizing the spider 
wort Tradescantia has been widely applied in air pollution 
studies. Ma171 developed a Tradescantia Micronucleus (Trad 
MCN) bioassay, employing growth-synchronized spiderworts, 
and tested it with various liquid chemical solutions, as well 
as lake waters before and after disinfection treatment. 
INVERTEBRATES 
Toxicity test endpoints are usually associated with a dele 
terious effect, but a number of toxic agents have been shown 
to stimulate growth of colonies of the hydroid Companularia 
flexuosa at subinhibitory concentrations exhibiting a phenom 
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enon known as hormesis.172 It was suggested that hormesis was 
not from different toxicant properties, but an adaptive response 
to the inhibitory effect that they have in common. A novel 
toxicity test approach using planarian head regeneration to 
examine gross abnormalities induced by methylmercury173 and 
chlordane174 has been described. Although no deaths, malfor 
mations, visible lesions, or gross behavioral anomalies occurred 
in intact animals, low toxicant concentration produced sig 
nificant changes in regenerated heads which was proposed as 
a useful model for toxicity evaluation. 
Pesch et al}15 suggested polychaete Neanthes arenaceoden 
tata as a cytogenetic model for marine genetic toxicology, and 
detailed an in vivo application of sister chromatid exchange 
analysis. Results with mitomycin indicated TV. arenaceoden 
tata can metabolize promutagens and that it may be sensitive 
to a broad spectrum of genetic toxicants. Biochemical indexes 
of stress in the sandworm Neathes virens exposed to penta 
chlorophenol demonstrated that coelomic fluid glucose and 
osmolality, and tissue ascorbic acid and glycogen levels were 
dose and time dependent.176 These indexes were suggested as 
potential parameters for assessing pollutant stress. The marine 
polychaete Ophryotrocha diadema was considered a sensitive 
model for assessing marine environment pollutant effects based 
on acute and chronic studies with several organic com 
pounds.177 Reproduction was more sensitive than growth, and 
no observed effect levels for pentachlorophenol, dieldrin, and 
dichloroaniline were 3, 1, and 3 pg/\, respectively. 
Freshwater cladocerans, specifically Daphnia magna and 
D. pulex, represent the most commonly employed freshwater 
invertebrate bioassay test species. M?ller178 described the use 
of an electronic particle counter to determine the number of 
young Daphnia produced in ecotoxicological reproduction 
tests. A series of 50 samples of ten thousands of Daphnia can 
be counted by this method in under an hour. Reproducibility 
of life cycle toxicity tests with D. magna was examined using 
acridine.179 Of the criteria studied, number of young per brood, 
and young produced per female were found to be the most 
reliable for estimating the "lowest rejected concentration 
tested" (LRCT) for acridine. A D. magna static-renewal life 
cycle toxicity test using these criteria provides a reproducible 
and sensitive test for estimating LRCTs. The chronic toxicity 
of acridine to D. magna was based on occurrence of the pri 
maparous instar, age at onset of reproduction, number of 
young per brood, and total number of young per female. The 
lowest-observed-effect concentration was 0.8 mg/l.180 Body 
length, brood size, and longevity as indexes of chronic copper 
and zinc stress in Daphnia magna over lifetime exposure were 
compared, and body length and longevity were more sensitive 
indexes of chronic stress than reproduction.181 Oxygen con 
sumption and filtering rates of D. pulex after exposure to 
water-soluble fractions of naphthalene, phenanthrene, No. 2 
fuel oil, and coal tar creosote were examined as potential in 
dicators of sublethal stress.182 Respiration was not a consistent 
parameter of hydrocarbon induced stress, but changes in fil 
tering rate alterations were considered a feasible sublethal 
indicator useful in interpreting chronic effects. Survival and 
fecundity of D. pulex following exposure to particulate oil 
revealed that this species was sensitive to oil, and that reduced 
survival and fecundity resulted from both physical effects and 
chemical toxicity.183 Hatakeyama and Yasuno184 employed the 
cladoceran Moina macrocopa in life cycle tests to examine the 
effects of cadmium on parturition periodicity and brood size. 
Periodic molting cycles were not disturbed, but brood size and 
number of young decreased. It was recommended that M. 
macrocopa, rather than Daphnia, be used in chronic tests be 
cause of the shorter life span of the former. Several other 
freshwater invertebrates have been used in bioassays including: 
the effects of herbicides on the copepods Diaptomus missis 
sipiensis and Eucyclops agilus}*5 temperature on egg devel 
opment, molting and growth of the amphipod Crangonyx 
pseudogracilis;1*6 and alum,187 acridine and quinoline188 to 
chironomid midge larvae. 
Various marine arthropods were used to examine pollutant 
effects. The effects of Bunker C oil on juvenile horseshoe crabs 
indicated that lethality and delayed molting occurred at 2.25 
and >0.25 mg/l, respectively.189 In order to standardize short 
term marine organism toxicity tests it was proposed that 24 
h LC50 values be determined for first and second instar nauplii 
larvae of a specific brine shrimp (Artemia salina) strain.190 
Buikema et al.m examined effects of a simulated refinery ef 
fluent and its components on the opossum shrimp Mysidopsis 
bahia. Fuel oil was the most toxic constituent and contributed 
disproportionately to the toxicity of the mixture. The 96-h 
LC50 of the mixture was 4.7%, although chronic exposure of 
2.7% inhibited growth and reproduction. The accumulation 
of DDT by the marine copepod Calanus finmarchicus fed 
phytoplankton contaminated with radiolabeled compound, in 
dicated that direct uptake from seawater is not the only mode 
of uptake.192 Feeding and transfer from generation to gener 
ation were examined and incorporated into a model of DDT 
flux between seawater and planktonic crustaceans. Wright and 
Frain193 examined cadmium toxicity in the amphipod Mari 
nogammarus obtusatus, and found antagonistic interactions 
between Ca and Cd ions were not as pronounced as in fresh 
water and euryhaline crustaceans. Changes in nesting behavior 
and lipid content of marine amphipods (Amphithoe valida) 
were used to examine sublethal stress induced for water soluble 
fuel oil fractions.194 These endpoints were selected in that they 
integrate responses based on organismic chemosensory and 
locomotor systems, as well as depletion of food reserves nor 
mally found in nests, leading to use of stored organism lipid 
reserves. Laughlin et al}95 found that mud crab Rhitropan 
opeus harrisii zoeae exposed to water soluble jet fuel fractions 
exhibited increased megalopal weight, but no deleterious 
changes in development or increased mortality. Behavior of 
the blue crab Callinectes sapidus exposed to crude oil water 
soluble fractions indicated that crabs rapidly detected the 
contaminant as evidenced by abruptly changed antennular 
orientation, rhythmic beating of maxillipedal flagella, and in 
creased antennular flicking rates.196 Extracellular neurophys 
iological recording techniques were used to examine the effects 
of whole drilling muds on normal activity of walking leg che 
mosensory neurons of the lobster Homarus americanus.197 
Antennular and leg chemoreceptors are important in eliciting 
normal fading behavior, and drilling muds have been shown 
to alter this behavior. Used in conjunction, the electrophy 
siological and behavioral techniques complement each other 
as pollution detection assays, perhaps reflecting a common 
interference mechanism. Lee et al.19* conducted a number of 
field and laboratory studies to determine responses of the cy 
tochrome P-450 dependent mixed function oxidase (MFO) 
system to three species of marine crabs and a polychaete. A 
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consistent response to foreign organic compounds were changes 
in cytochrome P-450 binding reflected in the apparent binding 
constant Ks. This may indicate the production of new forms 
of cytochrome P-450 after exposure to organic pollutants. 
Practical considerations in measuring pollution effects on 
bivalve molluscs and some possible ecological consequences 
were discussed with respect to physiological and cellular pro 
cesses.199 The argument was presented that animal size and 
seasonal changes related to the gametogenic cycle are impor 
tant sources of natural variability. As such, correcting for size 
using regression techniques and limiting measurements to one 
part of the gametogenic cycle reduces observed natural vari 
ability considerably. Population differences are still then ap 
parent, but laboratory experiments with hydrocarbons suggest 
that it should be possible to detect sublethal pollution effects 
in the presence of the remaining natural variability. The effects 
of oil on digestive cells of mussels with emphasis on quanti 
tative alterations in cellular and lysosomal structure using an 
image analysis technique were examined by Lowe et al?00 
relative to their use as cell injury indices. The bivalve mollusc 
Macoma balthica was exposed to oil concentration for 180 
days and various biological parameters were monitored during 
exposure and for 2 months following exposure.201 Changes in 
behavior, mortality, respiration rate, physical growth, mor 
phology, and biochemical parameters occurred, and even con 
centrations of 0.03 mg/l may lead to decreased populations 
over time. Sheridan202 examined effects of continuous chlori 
nation on oyster (Crassostrea virginica) spat survival and 
growth. Nominal concentration of 0.125 mg/l chlorine-pro 
duced oxidant retarded growth of newly settled spat. 
FISH AND AMPHIBIANS 
Basic biological background knowledge of commonly em 
ployed bioassay test organisms often provides important in 
sights into test results, and a partial bibliography of the sheeps 
head minnow Cyprinodon varigatus presents references for 
systematics, general biology, and recent toxicological studies 
involving this species.203 The precision and repeatability of 
tests routinely used for regulatory purposes is often questioned, 
and the precision of the American Society for Testing and 
Materials (ASTM) via concentration tests has been exam 
ined.204 Based on four replicate 28-day exposure of four chem 
icals to fathead minnows, this bioconcentration test was found 
to provide adequate precision, but methods of calculating the 
bioconcentration factor may require modification if steady 
state conditions are not achieved in this prescribed 28-day 
exposure interval. Kimerle et al?05 utilized radiolabeled LAS 
surfactant to determine its potential for bioaccumulation, and 
found that the steady-state whole body bioconcentration factor 
(BCF) was 36. The site of greatest concentration was the gall 
bladder with a BCF of 5 000, while liver, gills, and viscera, 
remaining carcass, and blood ranged from 64 to 283. Half 
lives of 2 to 5 days were determined. The accumulation and 
sublethal effects of a Wyoming crude oil to cutthroat trout 
exposed for 90 days were examined, resulting in induced gill, 
retina, and lens lesions, and accumulation of alkylated mono 
and dicyclic aromate hydrocarbons at oil concentration near 
0.5 mg/l.206 
Long-term chronic studies may provide the best indication 
of environmental effects of water pollutants, and Buckler et 
al.207 found a maximum acceptable toxicant concentration 
(MATC) of 1.2 to 3.1 mg/l kepone for fathead minnows. 
Adverse chronic effects of mirex were limited to a possible 
impairment of reproductive success at 34 mg/l. Because of 
the length and associated costs of performing full chronic tests 
with fish, there has been considerable interest in using embryo 
and fry of fish to estimate chronic effects. Coho salmon fry 
exposed to sublethal concentrations of toluene and naphtha 
lene for 40 days exhibited reduced growth that decreased lin 
early with increased concentration. Concentrations of 0.18 and 
0.26 times the LC50 values for naphthalene and toluene, re 
spectively, had no effect on growth.208 Ward et al.209 performed 
early life stage (28-day post hatch exposure) tests with eight 
compounds and the sheepshead minnow Cyprinodon varie 
gatus and reported calculated MATC an application factor 
values. The 30-day MATC value of chlordane, an organo 
phosphate, and carborye for larvae and early juveniles of four 
carp species including Labes rohila, Cirrhina mrigala, Cy 
prinus carpi?, and Catla cotia.210 While growth remains the 
biological endpoint used in most early life stage tests, Hen 
derson et al.2U examined several teratogenic effects of hydra 
zine to fathead minnows. Observed effects included enlarged 
perioardial chamber, tubular heart, absence of hemoglobin, 
scoliosis, reduced body movement, enlarged abdomen, and 
gaped mouth. Seinen et al.212 exposed yolk-sac fry of rainbow 
trout to tri-N-butyltinchloride for 110 days, and reported 5 
and <0.2 mg/l, respectively, as the lethal and "no-toxic-effect" 
levels. Although most studies in aquatic toxicology focus at 
tention on fish, the effect of lindane on the hatching and post 
embryonic development of the clawed frog Xenopus laevis 
indicated delayed development, morphological abnormalities, 
and reduced hatching.213 
The use of fish early life stages in short-term tests includes 
studies of trihalomethanes to carp embyros,214 acid pH to 
Atlantic Salmon eggs,215 and br?mate to striped bass icthyo 
plankton and spot juveniles.216 Temperature preferences of fish 
are an issue with regard to determining effects of thermal 
pollution. Mathur et al.217 discussed similarities in acute tem 
perature preferences, and suggested that sufficient data have 
been obtained to allow the use of generalizations and appro 
priate statistical techniques to reduce the requirement of site 
specific studies. Temperature preferences of the New River 
Shiner Notropis scabriceps,21* and upper temperature toler 
ance of the spot Leiostomus xanthurus219 have been examined. 
Rogers and Westin220 examined the effects of temperature and 
delayed initial feeding on larval striped bass development in 
conjunction with energy and nitrogen inventories. It was sug 
gested that nitrogen rather than energy is the commodity de 
pleted when larvae are starved. Heat shock in rainbow trout 
was reported to induce polyploidy when fertilized eggs were 
immersed in 36?C water for 1 minute, triploids were produced 
in 10 minutes, and tetraploids were produced by treatments 
5 hours after fertilization.221 
Several behavioral responses of fish to pollutants have been 
documented. Presmolt coho salmon tested in a Y-maze avoided 
a mixture of monocyclic aromatic hydrocarbons of 3 to 4 mg/ 
1, while smolt avoided concentration of 2 mg/l.222 Mature Pa 
cific salmon migrating upstream during the peak of the run 
substantially avoided a mixture of monocyclic aromatic hy 
drocarbons in the water at 3.2 mg/l, providing field verification 
of the laboratory tests.223 Folman et al.224 reported that 17 
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days' exposure to petroleum hydrocarbons impaired prey cap 
ture of coho salmon, and that parent hydrocarbons were higher 
in the brain and liver of the predator rather than prey (rainbow 
trout) suggesting that metabolic products of crude oil may 
have been responsible for cessation of feeding. 
Various physiological responses of fish have been used to 
indicate pollutant stress and there is a trend toward reporting 
multiple effects rather than a single response. Cardiovascular 
and respiratory responses, as well as blood hemoglobin and 
hematocrit were significantly increased in rainbow trout dur 
ing exposure to sublethal cadmium concentrations, and are 
discussed in terms of possible gill impairment and hyperac 
tivity as toxic responses to cadmium.225 The mechanism of 
ammonia toxicity in rainbow trout was examined by mea 
suring cerebral and liver metabolites, and cerebral ATP, 
NADH, and total sugar.226 Carbohydrate metabolism of fish 
exposed to endosulfan was examined to evaluate combined 
physiologies and bio-chemical stress and was suggested as a 
tool for assessing subtle adverse impacts on aquatic systems.227 
Similar studies have been conducted for fish exposed to tannic 
acid,228 and cadmium.229 Enzyme systems in fish continue to 
receive attention, and the roll of cytochrome P-450 and mixed 
function oxidases in fish have been reviewed.230 Stegeman et 
al?31 compared responses of liver microsomal monooxygenases 
in three fish species to polynuclear aromatic hydrocarbons. 
Serum transaminase responses of Notopterus notopterus ex 
posed to phenolic compounds were found to increase in activity 
following 30 days' exposure.232 Various specific enzyme sys 
tems responded to pollutants, and representative studies in 
cluding multiple enzyme systems have appeared for a variety 
of fish species.233"240 
Immune responses in fish are beginning to receive attention 
as a potential indicator of pollution stress, and lead and cad 
mium have been demonstrated to substantially reduce anti 
body titer of brown trout, thereby enhancing potential for 
disease outbreaks.241 A comprehensive review article of im 
mune responses discussed the influence of environmental tem 
peratures, environmental stresses, microbial contamination, 
and mechanisms affecting immune systems of fish.242 An ap 
proach to evaluating cytotoxic responses of fish has also been 
developed that uses the appearance of hemosiderin granules 
by examining the responses in channel catfish exposed to ar 
senic.243 
COMPARATIVE TESTING, 
MICROCOSMS, 77V SITU TESTING 
Multiple laboratory participation in performing a set of 
standardized acute toxicity tests with fish and Daphnia al 
lowed an interlaboratory comparison of results obtained.244 
Extreme values for any one test was one order of magnitude 
while the extremes of the means were only a factor of 12. Cary 
and Barrows245 conducted static acute tests with fathead min 
nows and Daphnia magna to evaluate the effectiveness of 
chemical industry wastewater treatment facilities in reducing 
effluent toxicity. Neither species proved to be more sensitive, 
and waste treatment reduced toxicity by more than 98% even 
though some effluents were still very toxic because of high raw 
waste toxicity. A study of used chrome lignosulphate drilling 
mud acute toxicity to four species each of marine annelids and 
bivalve molluscs, and five species of marine crustaceans in 
dicated that drilling mud discharge is unlikely to cause mea 
surable environmental damage.246 A comparative study of 
chromium, copper, and cadmium toxicity to Daphnia magna, 
the gastropod Biomphalaria glabrata, and the zebra fish 
Brachydanio rerio indicated that the former was the most 
sensitive to these metals, and that the latter was least sensitive 
with respect to cadmium.247 
Comparative bioaccumulation and metabolism of phthalate 
esters was examined for oysters, brown shrimp, and sheeps 
head minnows, in that each of these species exhibited differ 
ential capacities to detoxify xenobiotics.248 Results indicated 
bioaccumulation in minnows was higher than that for shrimp, 
which was higher than that for oysters. Trophic level transfer 
of cadmium through investigation of phytoplankton by zoo 
plankton was examined by Hatakeyama and Yasuno249 who 
cultured Chlorella in presence of Cd and fed the algae to the 
cladoceran Moina macrocopa. It was concluded that accu 
mulation by Moina through algal feeding was considerably 
lower than that by direct water uptake. A similar study was 
conducted employing mercury, Chlorella vulgaris and Daphnia 
magna.250 
Two studies have appeared comparing fish and echinoderm 
tests. Crawford and Gates251 examined cardiac contraction of 
Fundulus embyros and fertilization of the sand dollar Echi 
narchnius parma following exposure to drilling fluids. The 
latter species was more sensitive than the former, and eggs 
seemed to be more resistant than sperm. A sea urchin sperm 
bioassay for the green sea urchin Strongylocentrus droeba 
chiensis and the sand dollar Dendraster excentricus was de 
veloped.252 The tests were considered more sensitive than fish 
tests and potentially useful for marine toxicity studies. 
Comparative aquatic organism testing aids in assessment, 
but microcosms tests often allow more realistic simulated en 
vironmental exposure conditions. Vighi253 described a simple 
four compartment trophic chain consisting of a water column, 
a primary producer (Selenastrum capricornutum), a second 
ary producer (Daphnia magna), and a predator (Poecilia re 
ticulata). The organisms are bred in separate but communi 
cating vessels, and the system can be used to distinguish 
between bioaccumulation and biomagnification. The fate of 
kepone and mirex were determined in a model aquatic en 
vironment employing sediment, bluegill sunfish Lepomis 
macrochirus, and Daphnia magna.254 There was no direct ev 
idence of degradation of either compound in sediment under 
anaerobic or aerobic conditions, nor metabolism or cometab 
olism of kepone. Bluegills accumulated kepone and mirex 
equal to 10 606 and 12 274 times to respective exposure con 
centrations, and mirex tended to persist in fish tissue but ke 
pone did not. Retention of mirex introduced to bluegills by 
daphnids was three times greater than that for kepone. Hen 
drix255 described and evaluated a microcosm system for testing 
interactive effects of cadmium and nutrients, and the temporal 
aspects of the system behavior in response to nutrient limi 
tation and chronic versus acute cadmium perturbations. Com 
munity metabolism, community composition by trophic group 
and output/input ratio for nitrates, manganese, and iron were 
the best response indicator to cadmium. A heirarchy of mi 
crocosm experiments was recommended to include static mi 
crocosms with and without sediment, flow through microcosms 
with and without sediments, and microcosm subsamples from 
specific natural ecosystems. 
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In contrast to microcosms designed to experimentally sim 
ulate more natural environmental conditions in the laboratory, 
in situ test methods were developed for use in field situations. 
Humpesch256 examined temperature effects on larval growth 
of mayflies under laboratory conditions and using larvae sus 
pended in nylon bags in perforated plastic boxes, and found 
agreement between the laboratory and field experiments. A 
comparison of laboratory and field avoidance behavior of fish 
in heated chlorinated water indicated that laboratory deter 
mined avoidance concentrations accurately predicted concen 
trations that would elicit natural field condition avoidance.257 
In situ methods employing direct measurement of functional 
parameters such as benthic respiration,258 denitrification of 
periphyton communities,259 and petroleum hydrocarbon up 
take and respiration of glucose and glutamate by sediments260 
were devised. Several authors have examined the effects of 
pollutants on community structure by using enclosures and 
dosing the contained community. Such studies have been per 
formed with phytoplankton and mercuric chloride,261 cadmium 
and Zooplankton,262 pentachlorophenol and benthic com 
munities,263 and particulate organic material on microbial 
communities.264 Larrick et al?65 utilized structural and func 
tional changes of aquatic heterotrophic bacteria populations 
to assess the ecological impact of thermal, heavy metal, and 
fly ash effluents. A sequential comparison procedure was used 
to provide diversity indexes in conjunction with assimilation 
of glucose to assess functional status. These parameters were 
found to be significantly different below effluents than found 
in reference environments. 
Field studies to monitor the effect of pollutants have been 
conducted to establish the fate of fenitrothion in a stream 
environment following aerial spraying.266 Resident fish popu 
lations were not disturbed, and drifting insects were found to 
be displaced rather than killed. Lock et al?61 placed limestone 
bricks in a riffle section of a river and allowed them to colonize 
with benthic flora and fauna. The effects of crude oil on the 
benthic community was assessed by dipping the bricks in oil 
to simulate a spill. Over 161 days, response to the oil was 
minimal with only minor increases in bacterial counts and 
chlorophyll a. It was concluded that a small crude oil spill 
would have a negligible effect on riffle benthic communities. 
Factors affecting the recovery of fish populations in an in 
dustrial river were examined by conducting caged fish survival 
tests using various cage designs, test durations, and fish spe 
cies.268 It was concluded that such tests underestimate survival 
times from stresses of handling and confinement. Monitoring 
design consideration and hypotheses were discussed with re 
spect to environmental recovery in a marine ecosystem im 
pacted by a sulfite process pulp mill.269 The program monitors 
receiving water quality, primary productivity, migratory wa 
ters of salmonids, acute and chronic effects of effluent to ju 
venile salmon, and abundance and diversity of invertebrates 
within the intertidal ecosystem. 
HEALTH EFFECT ASSAYS 
Test systems for the detection of potential mutagenicity of 
environmental chemicals have been comprehensively sum 
marized, evaluated, expanded, and streamlined. Testing strat 
egies for screening chemicals, including tiered and battery 
approaches, laboratory practices, test systems, and procedures 
were discussed in an introductory text of mutagenesis from 
an applied perspective.270 A review article appraising muta 
genicity test systems recommended a battery of tests over any 
single short-term test.271 The predictive value of short-term 
screening tests for carcinogenicity was addressed,272 and de 
Serres and Ashby273 discussed performance of 30 different 
assay systems including in vivo assays for carcinogen detection. 
A critical review of short-term in vitro assays to detect chem 
ical carcinogens was also prepared.274 
Sontag275 addressed both socio-political and scientific issues 
with respect to carcinogens in industry and the environment. 
An extensive and heavily references section on in vitro screen 
ing tests is included. Hazards encountered by genetic toxi 
cologists working with raw wastewater and with Salmonella 
sp. strains were discussed276 in an attempt to make scientists 
aware of the potential for Salmonella induced enteric diseases. 
Dangers involved in handling mutagens in general were re 
viewed277 as were issues concerned with regulation of environ 
mental pollutants.278 
Identification of carcinogens in the environment continued 
to be a high priority. DeFlora279 studied potential mutagenicity 
of 106 compounds with the Ames assay. An extensively cross 
referenced compendium on 2 400 currently known carcinogens 
has also been published.280 Quantifying toxic and mutagenic 
activity of complex environmental mixtures with the Ames 
assay was investigated.281 Eleven compounds were tested, alone 
and in combination, and implications in screening complex 
environmental mixtures discussed. 
Applications of the Ames/Salmonella assay for screening 
raw and treated industrial wastewaters substantially increased 
in 1981. Samples from 14 industrial sites were studied282 to 
determine feasibility of using the Ames test to detect mutagens 
in industrial wastewaters, relative effectiveness of waste treat 
ment processes, mechanics of establishing an Ames testing 
program, and economics of using the assay in routine envi 
ronmental screening. Results indicated that it was unreason 
able to classify an industrial sample as positive or negative on 
the basis of the Ames assay alone. Ellenton et al.2*3 evaluated 
mutagenic potential of l,l,2,3-tetrachloro-2-propene, a con 
taminant in chlorinated pulp mill effluents using a battery of 
in vitro mammalian and microbial assays. A chlorinated fur 
anone compound from whole kraft chlorinated effluent was 
isolated and identified which accounted for 30 to 50% of the 
total effluent mutagenicity.284 McKague et al.2*5 identified 
alkali-labile direct-acting mutagens in chlorinated effluent 
from bleached kraft pulp mill operations. Mutagenic potential 
of softwood kraft pulp bleaching effluents with those from 
different stages of the bleaching process was determined using 
E. coli pol A+/pol A" and the Ames assay, indicating that 
most mutagenic effects were associated with the chlorination 
stage.286 
Aqueous chlorination of catechol under acidic conditions 
produced a high mutation frequency in the Ames assay with 
strain TA-100.287 Use of chlorine dioxide instead of chlorine 
resulted in little mutagenic response. It was suggested that 
mixing of wood pulp bleaching filtrates with alkaline waste 
streams from pulp mills, and substitution of chlorine by chlo 
rine dioxide in pulp bleaching should greatly reduce potential 
mutagenicity of spent water. Kinae et al.2** determined mu 
tagenicity of sediment sample solvent extracts derived from 
kraft paper mills, and the diethyl ether fractions from one of 
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three sites samples showed DNA damaging potency on B. 
subtilis, and exhibited mutagenic effects on S. typhimurium 
TA-98, TA-100, and TA-1537. The mutagenicity of liver ex 
tracts from spotted sea trout sampled in the vicinity of the 
sediment samples was also analyzed.289 The diethylether ex 
tract of liver exhibited DNA damaging potency on B. subtilis. 
High performance liquid chromatography (HPLC) fraction 
ation into five separate fractions revealed one fraction with 
DNA damaging and mutagenic potency on B. subtilis and S. 
typhimurium, respectively. Chemical fractions from four shale 
oils were tested for mutagenicity against Salmonella typhi 
murium TA-90 in the Ames assay and mutagenic activity was 
detected in all.290 
Sims and Overcash291 investigated the treatment potential 
of soil systems for poly nuclear aromatic compounds (PNAs) 
present in coal conversion process wastes. Data described rates 
of transformation, effect of PNA structure on degradation, 
effect of engineering management options on degradation 
rates, mutagenic potential of degradation products, and soil 
acclimation potential. Land application technology for fossil 
fuel wastes was thought promising. Mutagenicity of by-prod 
ucts from coal gasification and liquefaction processes were 
determined with the Ames Salmonella/microsome assay.292 
Yoshimura293 assessed the potential hazard of fish anes 
thetics through human consumption of fishes. Eugenol, phen 
thiazamine, and tricaine were tested for mutagenicity in the 
rec assay (repair test) with B. subtilis strains M45 (rec") and 
H17 (rec+) and in the reverse mutation assay with S. typhi 
murium strains TA-98, TA-100, TA-1535, TA-1537, and TA 
1538. The rec assay was negative for all of the compounds. 
Phenthiazamine was mutagenic in strains TA-98, TA-100, and 
TA-1537 after metabolic activation. Eugenol and tricaine were 
non-mutagenic with and without metabolic activation in the 
Ames assay. 
A performance evaluation of advanced municipal waste 
water treatment processes was undertaken294 that utilized Sal 
monella typhimurium and Saccharomyces cerevisiae to assess 
mutagenic activity, and the mammalian cell-BHK21 Cl 13 
to determine transformation activity. Physical-chemical, bio 
logical, and sand filtration treatment processes were unable 
to completely remove wastewater mutagenic activity. 
Mutagenic activity as a function of treatment for the Palo 
Alto wastewater reclamation and groundwater injection fa 
cility was examined, revealing it was not reduced by lime treat 
ment, air stripping, recarbonation, or ozonation, but was re 
duced with activated carbon treatment.295 While chlorination 
seemed to increase activity, laboratory studies showed that 
mutagenic activity was not increased if chlorine dioxide was 
utilized rather than chlorine. 
A research program progress report to assess health risks 
associated with indirect reuse of wastewater for human con 
sumption included chemical analyses of chlorinated water, 
mutagenicity testing of water sources, and epidemiological 
studies.296 No significant correlation between water reuse and 
cancer mortality was established. Thin layer chromatography 
on silica gel was used to identify oleic and linoleic acid in an 
ether extract of normal human feces that exerted inhibitory 
effects on several mutagens in the Ames assay.297 
Raw water quality and mutagenic potential received more 
intensive investigation in 1981. Grabow et al?9* discussed the 
relationship of raw water quality to mutagens detectable by 
the Ames assay, and bioassay procedures were suggested for 
assessing the safety or hazard of drinking water.299 XAD-2 
resin was used to concentrate mutagenic materials from drink 
ing water samples taken from Lake Michigan, the Calumet 
River, Indiana, and the Fox River, 111.300 Concentrates were 
screened with five Salmonella typhimurium strains, both with 
and without enzymatic activation. Dose-response relationships 
indicated a low level of mutagenic activity for the Lake Mich 
igan concentrates. Mutagenic activity, however, was demon 
strated to increase for completely treated potable water sam 
ples with Lake Michigan and Calumet River. Treatment of 
Calumet River samples with coagulants reduced the muta 
genic activity to one-third the value for raw water. 
The quality of drinking water in the Netherlands was re 
viewed with respect to individual contaminants and mutagenic 
activity.301 Kool et al.302 investigated the use of XAD-resins 
for detection of mutagenic activity in drinking water. Muta 
genic activity was detected in samples for four of six cities. 
An epidemiological study was conducted in which cancer mor 
tality was related to drinking water source and concentrations 
of organic constituents in 19 cites in the Netherlands. Cancer 
mortality rates were higher in cities using drinking water from 
contaminated surface waters than those using groundwater 
sources.303 Dolara et al.304 studied the effect of ozonation and 
chlorination on drinking water mutagenic potential. Chlori 
nated waters demonstrated the highest mutagenic potential, 
ozonated water much less potential, and untreated waters ex 
hibited the lowest mutagenic potential. Seasonal variation in 
raw and finished drinking water mutagenic activity was in 
vestigated by Grimm-Kibalo et al.305 Mutagenic activity was 
greatest in spring, summer, and early autumn, and the increase 
from winter to spring was attributed to surface water contam 
ination by agricultural runoff and increased temperature. 
Mutagenic activity was consistently higher for finished water. 
Mutagenic effects of water on fish included induction of 
benzo(a)pyrene monooxygenase activity, neoplasms, and mu 
tagenic activity of river water in the Ames assay.306 Correlation 
between tumor frequency in fish and presence of waterbome 
mutagens could not be established. The distribution of Aero 
monas hydrophilia in the estuarine environment of Chesa 
peake Bay and toxigenic potential using the Y-l adrenal cell 
assay indicated that large numbers of toxigenic A. hydrophila 
were present and may be pathogenic for man and animals.307 
Mutagen accumulation, determined with the Ames assay, in 
estuarine organisms, including oysters (Crassostrea virginica), 
sea squirts (Mogulla sp.), and shrimp (Peneaus sp.) were com 
pared.308 Histidine in shrimp extracts were a possible source 
of false positive results. The Ames assay was used to determine 
mutagenic activity in Meuse River water and in discharges 
to the Meuse River (Netherlands).309 Frameshift mutagens 
were identified in river water and in discharges. 
Sample characteristics, handling, preparation, and statis 
tical analysis with regard to mutagenicity testing were inves 
tigated for standardization of test procedures and optimization 
of resultant values. A procedure was developed for the quan 
titative mutagenicity measurement of volatile liquids in the 
Ames assay and involved a closed, inert incubation system for 
mutagenicity testing.310 Of 10 halogenated alkane solvents 
tested, only 2 gave positive results in the standard test pro 
cedure, whereas 7 gave positive results in the closed system. 
Dutka et al.3U evaluated four concentration/extraction pro 
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cedures: solvent extraction, adsorption onto XAD resins, flash 
evaporation, and membrane filtration for river, lake, and ef 
fluent samples with regard to detection of mutagenic com 
pounds in the Ames assay. Based on samples tested, the 
DMSO-dissolved membrane-filter concentration procedure 
was the most sensitive procedure for mutagenic recovery. Gra 
bow et al??2 compared mutagenic recovery from wastewater, 
drinking water, and river water by dichloromethane (DCM) 
liquid-liquid extraction, and by adsorption on Amberlite XAD 
resins. DCM extraction recovered more mutagenic material 
than XAD adsorption from the majority of samples tested. 
Use of XAD resins for detection of mutagenic activity in drink 
ing waters were compared by Kool et al?13 The XAD-4/8 
concentration technique was found superior. Salmeen and 
Durisin314 studied effects of bacterial population on quanti 
tation of the Ames assay. Maron et al?15 investigated the 
compatibility of organic solvents in the Ames assay and found 
other solvents useful for DMSO incompatible samples. 
Data analysis, reproducibility, and quality assurance aspects 
of the Ames assay have become a concern as its use and ap 
plication have increased. Myers et al?16 developed a weighted 
least squares estimation for fitting nonlinear models to Ames 
test data. The described models are biologically plausible, in 
corporating mutagenicity, toxicity, and saturation data. Stead 
et al?17 proposed a nonlinear Poisson model involving up to 
four parameters for describing revertant colony formation 
data. The model fits test data better than a simple linear 
regression model. Chu et al?1* evaluated microbial mutagen 
esis assays with respect to statistical analyses and reproduc 
ibility. Hasselbald et al?19 developed a computer program to 
fit a nonlinear dose-response curve to count (Poisson) data. 
Sexton et a/.320 described a quality assurance program for the 
Ames assay. Quality assurance objectives, methods, and audit 
approaches were addressed. Belser et al?21 introduced a stan 
dardized Ames assay quantification procedure that improved 
the experimental protocol through considering factors that in 
fluence test result precision and variability. 
Additional test systems to assess potential mutagenic effects 
materials were developed. Kocan et al?22 tested fibroblast cells 
from juvenile bluegill sunfish for their response to known 
mutagens/carcinogens. Direct mutagens and promutagens 
were toxic to the cells, and fluorescence spectroscopy revealed 
that cells were capable of metabolizing the promutagen 
benzo(a)pyrene to water-soluble intermediates. Hooftman and 
Vink323 investigated using the eastern mudminnow for geno 
toxic chemical detection in aquatic environments through sis 
ter chromatid exchange and chromosome, aberration scoring 
techniques using gill and fin tissues. The potential for appli 
cation of advanced plant systems to detect biological activity 
of environmental mutagens was the topic of a National In 
stitute of Environmental Health Sciences conference.324 The 
cloning ability of a tissue culture was demonstrated to provide 
a sensitive method for detecting toxic substances in waters.325 
Application of test procedures to settled wastewater and sec 
ondary effluent samples indicated cytotoxicity. 
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